Aim: To explore the mechanisms involved in ox-LDL transcytosis across endothelial cells and the role of caveolae in this process. Methods: An in vitro model was established to investigate the passage of oxidized low density lipoprotein (ox-LDL) through a tight monolayer of human umbilical vein endothelial cells (HUVEC) cultured on a collagen-coated filter. Passage of DiI-labeled ox-LDL through the monolayer was measured using a fluorescence spectrophotometer. The uptake and efflux of ox-LDL by HUVEC were determined using fluorescence microscopy and HPLC. Results: Caveolae inhibitors -carrageenan (250 μg/mL), filipin (5 μg/mL), and nocodazole (33 μmol/L)-decreased the transport of ox-LDL across the monolayer by 48.9%, 72.4%, and 79.8% as compared to the control group. In addition, they effectively decreased ox-LDL uptake and inhibited the efflux of ox-LDL. Caveolin-1 and LOX-1 were up-regulated by ox-LDL in a time-dependent manner and decreased gradually after depletion of ox-LDL (P<0.05). After treatment HUVEC with ox-LDL and silencing caveolin-1, NF-κB translocation to the nucleus was blocked and LOX-1 expression decreased (P<0.05). Conclusion: Caveolae can be a carrier for ox-LDL and may be involved in the uptake and transcytosis of ox-LDL by HUVEC.
Introduction
The development of atherosclerotic lesions is associated with the accumulation of lipid deposits in the arterial intima and strongly depends on the level of ox-LDL in blood plasma [1] . Atherosclerotic plaque, the most common lesion, is characterized by a thickening of the arterial intima and is typically composed of a lipid core with an overlying fibrous cap. Increasing evidence indicates that ox-LDL is a highly toxic lipoprotein. Concentrated ox-LDL in the subendothelium contributes to the accumulation of cholesterol in atherosclerotic plaques [2, 3] . However, the mechanism underlying the passage of ox-LDL through the endothelium is poorly understood. Vascular endothelium controls the trafficking of lipoproteins between Caveolae and caveolin-1 mediate endocytosis and transcytosis of oxidized low density lipoprotein in endothelial cells the vessel lumen and the arterial wall, and the control may be disturbed in arteriosclerotic blood vessels. Understanding the mechanisms of lipoprotein translocation, especially from arterial wall to vessel lumen, will be beneficial to the therapy of cardiovascular disorders. Caveolae are distinctive, flaskshaped invaginations of the plasma membrane generated in the Golgi complex. These organelles have a characteristic lipid composition and are associated with a 22 kDa protein called caveolin-1. Zhang reported that two ox-LDL receptors, CD36 and the related receptor SR-B1, localize to caveolae [4, 5] . Several human studies have indicated transcytosis of macromolecules by means of caveolae in endothelial cells [6] [7] [8] [9] [10] [11] . We hypothesized that ox-LDL may internalize and transcytose in this way. Bruneau described a model to study the passage of macromolecules through a monolayer of INT-407 cells [12] . We used this model to investigate the characteristics and mechanism of ox-LDL passage. LOX-1 is the major receptor for ox-LDL in endothelial cells [13] . [14] . Caveolin-1 is the main structural protein of caveolae, and it plays a crucial role in the formation of these invaginations of the plasma membrane. Caveolin-1 is a cholesterolbinding protein. Hu and Wu demonstrated the correlation between caveolin-1 and cellular cholesterol level [15, 16] . Our previous studies demonstrated that caveolin-1 is involved in cellular cholesterol accumulation, vascular smooth muscle cell foam formation, intercellular cholesterol efflux, and vascular remodeling [17] [18] [19] . These findings indicate that caveolae and caveolin-1 may play an important role in cellular cholesterol homeostasis. The objective of this study was to explore the mechanisms involved in cholesterol transcytosis and the role of caveolin-1 in ox-LDL translocation. In this study, we used three caveolae inhibitors: carrageenan, filipin and nocodazole. Studies have shown that carrageenan abolishes ox-LDL binding to caveolae [20] ; filipin treatment disrupts the structural integrity of caveolae in the plasma membrane and decreases the number of visible caveolae on the endothelial surface [21] ; and nocodazole blocks the movement of caveolae by microtubule depolymerization [22] . We demonstrated the mediation of uptake and transcellular transport of ox-LDL by caveolae in HUVEC. HUVEC function as a post-house in ox-LDL translocation between blood plasma and subendothelium. The whole prossess avoids accumulation of ox-LDL in HUVEC.
Materials and methods

Chemicals and materials
The Transwell culture system used for permeability studies consisted of 24 mm diameter polycarbonate inserts with 0.4 µm pores (Costar, Cambridge, MA). Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin, and trypsin-EDTA were obtained from GIBCO (Grand Island, NY). Carrageenan, nocodazole, filipin, DiI (1,1′-Dioctadecyl-3,3,3′, 3′-tetramethylindocarbocyanine perchlorate) and cholesterol standard were purchased from Sigma Aldrich (St Louis, MO, USA Intercellular junction integrity of the endothelial monolayer was assessed by microscopy and by measuring permeability to bovine serum albumin as described elsewhere [23] .
MTT assay
HUVECs were seeded in 96-well plates at 10 3 cells/well and allowed to adhere for 8 h. The subconfluent cells were then exposed to medium containing 40 µg/mL ox-LDL for different amounts of time. At various times, the cell survival fraction was calculated from the methyl thiazolyl tetrazolium (MTT) assay. Briefly, 10 µL MTT solution in 5 mg/mL of phosphatebuffered saline was added to each well, and the plates were incubated for 4 h, 50 μL of DMSO was added. Plates were then shaken until the crystals were dissolved and then they were analyzed on an enzyme linked immunosorbent assay plate reader at 490 nm to determine the absorbance of the samples.
Lipoprotein labeling
The ox-LDL was labeled with the fluorescent probe DiI by a modification of the method described by Fisher [24] . Briefly, a stock solution of DiI was prepared by dissolving 30 mg DiI in 1 mL dimethyl sulfoxide, and an appropriate volume was added to the ox-LDL solution. The concentration of ox-LDL was adjusted to 1 mg protein per mL to yield a final concentration of 150 µg DiI per mg ox-LDL protein. The mixture was protected from light and incubated at 37 ºC for 18 h to provide DiI-labeled ox-LDL (DiI-ox-LDL), which was subsequently layered with an NaBr solution (density=1.1 g/mL) and re-isolated by ultracentrifugation (100 000×g, 18 h, 20 ºC), dialyzed against phosphate-buffered saline (18 h, 4 ºC), and sterilized by filtration (Nalgene polyether sulfone filter, 0.22 µm; Nalge Nunc International, Naperville, IL). The final protein concentration was determined by the Bradford method [25] . The DiIox-LDL was stored at 4 ºC in the dark and used within 7 days. The fluorescence density and intensity of DiI-labeled ox-LDL inside the cell were observed by fluorescent microscopy.
Transendothelial ox-LDL permeability
Transendothelial permeability of ox-LDL in the HUVEC monolayer was determined by using Transwell filter units. HUVEC monolayers were washed and incubated for 1 h with carrageenan, filipin, or nocodazole. DiI-Ox-LDL was placed in the apical reservoir at a final concentration of 40 μg/mL. After 24 h incubation, samples were taken from the apical and basolateral compartments and relative fluorescent units of apical and basolateral samples were measured in a fluorescence spectrophotometer at 399-and 610-nm excitation and emission wavelengths, respectively. Values were expressed as the percentage of apical DiI-Ox-LDL per well that crossed the Transwell membrane. HPLC assay HPLC (high performance liquid chromatography) analysis was conducted as described previously [26] . Cells were washed with PBS 3 times. The appropriate volume (usually 1 mL) of 0.5% NaCl was added to 50-200 μg cellular proteins per mL. Cells were sonicated using an ultrasonic processor for 2 min. The protein concentration in cell solution was measured using the BCA kit. An aliquot of cell solution (0.1 mL containing 5-20 μg protein) was used to measure the free cholesterol, and another aliquot was used for total cholesterol detection. Free cholesterol was dissolved in isopropanol (1 mg cholesterol/ mL) and stored at -20ºC as stock solution. Cholesterol standard calibration solution ranging from 0 to 40 μg cholesterol per mL was obtained by diluting the cholesterol stock solution in the cell lysis buffer. Each sample (0.1 mL cholesterol standard calibration solution or cell solution) was supplemented with 10 μL reaction mixture including 500 mmol/L MgC1 2 , 500 mmol/L Tris-HCl (pH 7.4), 10 mmol/L dithiothreitol, and 5% NaCl. Cholesterol oxidase (0.4 U) in 10 μL 0.5% NaCl was added to each tube for free cholesterol determination, or 0.4 U cholesterol oxidase plus 0.4 U of cholesterol esterase for total cholesterol measurement. The total reaction solution in each tube was incubated at 37ºC for 30 min, and 100 μL methanol:ethanol (1:1) was added to stop the reaction. Each solution was kept cold for 30 min to allow protein precipitation and then was centrifuged at 1500 r/min for 10 min at 15 ºC. Supernatant (10 μL) was applied onto a System Chromatographer (PerkinElmer Inc) including a PerkinElmer series 200 vacuum degasser, a pump, a PerkinElmer series 600 LINK, a PerkinElmer series 200 UV/vis detector and a Discovery C-18 HLPC column (Supelco Inc). The column was eluted using isopropanol:n-heptane:acetonitrile (35:13:52) at a flow rate of 1 mL/min for 8 min. Absorbance at 216 nm was monitored. Data were analyzed with TotalChrom software from PerkinElmer.
Ox-LDL binding and internalization HUVEC were seeded in glass chamber slides at 100 cells/ mm 2 and incubated with DMEM containing 0.2% FCS for 24 h prior to the experiment. Binding experiments were performed as previously described [27] . HUVEC were incubated with 40 µg/mL DiI-Ox-LDL at 4 ºC for 30 min. After binding, medium was removed, and cells were incubated at 37 ºC for 4 h in the absence or presence of the different compounds tested. Cells were washed in DMEM-BSA containing heparin 100 U/mL for 15 min at 4ºC with constant shaking, fixed at room temperature for 10 min in PBS containing 3% paraformaldehyde and 2% sucrose, and washed twice with PBS. Finally, fluorescent photomicrographs were taken with an Olympus Vanox AHBT3 microscope with an excitation filter for rhodamine.
siRNA transfection Short-interfering RNA (siRNA) specific for human caveolin-1 (Santa Cruz Biotechnology) and nonsilencing control siRNA were synthesized by the Biology Engineering Corporation in Shanghai, China. HUVEC (2×10 6 cells/well) were transfected using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, real-time RT-PCR was performed. In comparison to the control siRNA, the siRNA of caveolin-1 suppressed the expression of caveolin-1 proteins by 82% according to Western blot analysis.
Nuclear extraction HUVEC were incubated with ox-LDL (40 μg/mL) for 24 h after transfection. Cells were harvested for extraction of nuclear proteins after incubation. Cells were rinsed with cold PBS, scraped, collected by centrifugation, re-suspended in 300 µL lysis buffer (50 mmol/L KCl, 0.5% IGEPAL CA-630, 25 mmol/L HEPES, 10 µg/mL leupeptin, 20 µg/mL aprotinin, 125 µmol/L dithiothreitol (DTT), and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF)), transferred to a 1.5 mL Eppendorf tube, and kept on ice for 4 min. Nuclei were collected by centrifugation (10 000 r/min, 10 min at 4 ºC) and washed in 300 µL washing buffer (50 mmol/L KCl, 25 mmol/L HEPES, 10 µg/mL leupeptin, 20 µg/mL aprotinin, 125 µmol/L DTT, and 1 mmol/L PMSF). Nuclei were pelleted (10 000 r/min, 1 min at 4 ºC), and re-suspended in 30-100 µL extraction buffer (500 mmol/L KCl, 25 mmol/L HEPES, 10% glycerol, 10 µg/mL leupeptin, 20 µg/mL aprotinin, 125 µmol/L DTT, and 1 mmol/L PMSF) for 20 min. The suspension was centrifuged (14 000 r/min, 2 min at 4 ºC). Protein concentration was measured using the Bradford assay [25] .
Western blot analysis
Cells were harvested and protein extracts were prepared as previously described [15] . They were then subjected to Western blot analysis [10% SDS-polyacrylamide gel electrophoresis (PAGE); 30 μg protein per lane] using rabbit anti-LOX-1, mouse anti-NF-κB, mouse anti-caveolin-1 and β-actin-specific antibodies. The proteins were visualized using a chemiluminescence method (ECL Plus Western Blotting Detection System; Amersham Biosciences, Foster City, CA, USA).
Statistical analysis
Data are expressed as means±SD. Results were analyzed by one-way ANOVA and Student's t-test, using SPSS 13.0 software. Statistical significance was obtained when P values were less than 0.05.
Results
Caveolae inhibitors inhibited transcytosis of ox-LDL across endothelium Previous studies reported the potential role of caveolae in macromolecule transport across alveolar endothelium. To determine whether caveolae are responsible for receptor-mediated transport of ox-LDL across endothelial cells, we treated the HUVEC monolayers with caveolae inhibitors before ox-LDL incubation, as described above. The cell viability of HUVEC was not significantly changed during our experiments ( Figure  1 ). Table 1 shows that carrangeen decreased the transport of ox-LDL across the monolayer by 48.9%, filipin decreased the transport of ox-LDL across the monolayer by 72.4%, and Caveolae are involved in endocytic trafficking of ox-LDL The physiological consequences of caveolae inhibitors on the uptake of ox-LDL through an LOX-1 dependent mechanism were studied. HUVEC were incubated with DiI-ox-LDL for 30 min at 4 °C. After removal of unbound ox-LDL, the three caveolae inhibitors were added, and the bound lipoprotein fraction was left to internalize for 4 h at 37 °C. Fluorescent photomicrographs were taken after internalization. As shown in Figure 2 , carrageenan, nocodazole and filipin significantly decreased ox-LDL uptake and cholesterol loading of HUVEC. These observations suggest that caveolae are involved in ox-LDL uptake.
Caveolae play a crucial role in the efflux of ox-LDL As described in the Introduction, we hypothesized that caveolae are involved in transcytosis of ox-LDL. If that is the case, efflux of ox-LDL is also expected to be slow when caveolae are inhibited. To examine whether the inhibition of caveolae decreased ox-LDL efflux, the cholesterol content in the medium and cellular cholesterol was determined after treatment with inhibitors. We incubated HUVEC with ox-LDL for 24 h. After lipid loading, HUVEC were washed twice with PBS and incubated for another 6, 12, and 24 h in an ox-LDL depleted medium in the absence or presence of the caveolae inhibitors. After incubation, the cholesterol content in the medium and cellular cholesterol were analyzed by HPLC. Caveolae inhibitors significantly reversed the decrease in cellular cholesterol and the increase in the cholesterol content in the medium (Figure 3 ). These data suggest that caveolae are involved in the efflux of ox-LDL by HUVEC.
Caveolin-1 participates in the uptake of ox-LDL in HUVEC Our experiments show that caveolin-1 and LOX-1 were up-regulated by ox-LDL in a time-dependent manner and decreased gradually after depletion of ox-LDL (Figure 4) . We attempted to determine if caveolin-1 plays a role in LOX-1 expression. We treated HUVEC with ox-LDL and silenced caveolin-1. NF-κB translocation to the nucleus was blocked and LOX-1 expression decreased ( Figure 5 ). This study sug- Filter-grown HUVEC were cultured for 4 d to form a tight monolayer. HUVEC monolayer was exposed to DiI-ox-LDL for 24 h, or pretreated with caveolae inhibitors for 1 h followed by DiI-ox-LDL incubation. After incubation, samples were taken from the apical and basolateral compartment and measured in a fluorescence spectrophotometer. Values were expressed as % apical DiI-Ox-LDL per well that crossed the Transwell membrane. 
Discussion
Although great advances have been made in understanding vascular lipoprotein cholesterol transport, only recently has attention focused on cholesterol-rich plasma membrane microdomains and their interaction with pathways of intracellular cholesterol transport and metabolism. Since 1955, caveolae have been recognized as morphologically distinct "small pockets, caves, or recesses" (also termed "flask-shaped") at the cell surface plasma membrane [28] . The majority of cholesterol uptake and efflux occurs via these specialized plasma membrane microdomains. Caveolin-1 is the main structural protein component of caveolae: it is localized at the cytoplasmic face of the caveolae and does not cross the caveolae membrane [9] . Caveolin-1 is postulated to organize formation of caveolae microdomains and to regulate caveolae-related signaling events, such as protein kinase C, Src-like kinases, Ras, and endothelial NO synthase. Ox-LDL has been implicated as a causal factor in the pathogenesis of atherosclerosis, including transformation of macrophages to foam cells.
The focus of the present article is the role of caveolae and caveolin-1 and their mediation of ox-LDL uptake/efflux and transcytotic trafficking. Our study demonstrated the uptake of ox-LDL by HUVEC, and ox-LDL passed across the endothelium. These processes were mediated via caveolae, which are blocked by two caveolae inhibitors, filipin and nocodazole. We also demonstrated that caveolin-1 plays a role in promoting uptake of ox-LDL by HUVEC. A previous study demonstrated lipid accumulation within macrophages as a major cause of macrophage foam cell formation. In the present study, ox-LDL increased the uptake of lipid in HUVEC but no foam cell formation was observed. It seems that HUVEC function as a post-house in ox-LDL translocation between blood plasma and subendothelium: this process may prevent lipid from accumulating in HUVEC.
Recently, much emphasis has been placed on ox-LDL as a major toxic lipoprotein to atherogenesis. The uptake of ox-LDL by target cells in the subendothelial space causes transformation of macrophages to foam cells and smooth muscle cells proliferation [29] . Caveolae play an important role in the regulation of endocytosis and transcytosis in endothelial cells. Based on the data from our study, ox-LDL recognized LOX-1 of endothelial cells, internalized it into the cells, and then passed through the endothelium. Caveolae thus functioned as a carrier for ox-LDL uptake and transcytosis. This concept was supported by two inhibitors, filipin and nocodazole, which inhibited ox-LDL uptake and transcytosis across the epithelium.
Caveolin-1 is an important structural protein in caveolae and its highest expression level is in endothelial cells [30] . Our study demonstrated that ox-LDL upregulated caveolin-1 in a timedependent manner. In addition, caveolin-1 increased LOX-1 expression and promoted translocation of NF-κB, which is an oncogene protein regulating transcription of a variety of cellular genes, including LOX-1. Thus caveolin-1 may promote ox-LDL uptake by HUVEC, and NF-κB may play a role in this pathway. In summary, lipid accumulation did not occur while incubating HUVEC with ox-LDL. Ox-LDL binding in HUVEC was internalized into cells by caveolae and transcytosed across endothelial cells with the movement of caveolae. Caveolae, working as a carrier, played an indispensable role during the whole process. Caveolin-1 may regulate the expression of LOX-1 and ox-LDL uptake.
